Introduction
Despite the improvements made in global immunization coverage for children over the past decade, 1,2 an estimated 21.8 million infants worldwide are still not being reached by routine immunization services. 3 In 2013, most of the World Health Organization's (WHO) regions reached more than 80% of their target populations with three doses of diphtheria, pertussis and tetanus (DTP) vaccine but coverage with such vaccine remained well short of the 2015 goal of 90%, particularly in the African (75%) and South-East Asia regions (77%). 2, 3 Many barriers exist to achieving good vaccination coverage, including a lack of parental education, low income, poor access to health facilities and traditional beliefs. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] As progress in this field is commonly expressed in terms of national or regional mean values, many of the underlying disparities among and within countries go unobserved or, at least, unreported. If routine immunization is to be made fast and equitable, we need multi-country studies that use the same types of stratification to document and understand the inequalities in vaccination coverage at both national and regional level. 1, 3, 14, 15 We also need to know the percentages of children who receive the full set of standard vaccines recommended by WHO. In India, for example, national immunization coverage has been increasing since the early 1990s but the proportion of children who, in 2006, had received all of the immunizations recommended for their age group as part of WHO's Expanded Programme on Immunization was still under 50%. 16 Failures or delays in the vaccination of children in high-risk groups can limit the impact of vaccine programmes on the burden of disease. 17 The main objectives of the present analyses were: (i) to assess the proportions of children in low-or middle-income countries who receive a basic set of routine vaccinationsthat is one dose of bacille Calmette-Guérin vaccine, one dose of measles vaccine, three doses of vaccine against DTP and three doses of polio vaccine -at the appropriate ages; (ii) to document between-country and within-country inequalities in such coverage -in terms of socioeconomic status and other characteristics commonly recorded in national surveys; and (iii) to assess temporal trends in such coverage and in the associated inequalities.
Methods
In May 2015, we accessed publicly available data sets collected during the most recent Demographic and Health Survey 18 and/ or Multiple Indicator Cluster Surveys 19 in each of the 86 lowor middle-income countries in which at least one such survey had been conducted since the year 2000 (Table 1 ). Our study outcome was full immunization coverage, which we defined as the proportion of children who, at any age, had received one dose of bacille Calmette-Guérin vaccine, one dose of measles vaccine, three doses of -trivalent, tetravalent or pentavalent -vaccine against DTP and three doses of polio vaccine. For the 20 study countries where measles vaccine was routinely administered at the age of 18 months, full immunization coverage was measured among children aged 18-29 months. Similarly, for the three study countries where measles vaccine was routinely administered at the age of 15 months, full immunization coverage was measured among children aged [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Objective To investigate disparities in full immunization coverage across and within 86 low-and middle-income countries. Methods In May 2015, using data from the most recent Demographic and Health Surveys and Multiple Indicator Cluster Surveys, we investigated inequalities in full immunization coverage -i.e. one dose of bacille Calmette-Guérin vaccine, one dose of measles vaccine, three doses of vaccine against diphtheria, pertussis and tetanus and three doses of polio vaccine -in 86 low-or middle-income countries. We then investigated temporal trends in the level and inequality of such coverage in eight of the countries. Findings In each of the World Health Organization's regions, it appeared that about 56-69% of eligible children in the low-and middleincome countries had received full immunization. However, within each region, the mean recorded level of such coverage varied greatly. In the African Region, for example, it varied from 11.4% in Chad to 90.3% in Rwanda. We detected pro-rich inequality in such coverage in 45 of the 83 countries for which the relevant data were available and pro-urban inequality in 35 of the 86 study countries. Among the countries in which we investigated coverage trends, Madagascar and Mozambique appeared to have made the greatest progress in improving levels of full immunization coverage over the last two decades, particularly among the poorest quintiles of their populations. Conclusion Most low-and middle-income countries are affected by pro-rich and pro-urban inequalities in full immunization coverage that are not apparent when only national mean values of such coverage are reported. 
Inequalities in coverage
We investigated inequalities in full immunization coverage that related to three characteristics recorded in all or most of the surveys that had provided the data that we used: socioeconomic status, urban/rural residence and sex of the child. The data for three study countries -Cuba, Djibouti and Jamaica -could not be used to estimate the wealth index that we used as a measure of socioeconomic status. We calculated a mean full immunization coverage for the study countries in each WHO region.
In each of the surveys we used as a data source, urban or rural residence had been defined by the local census bureaux and the study households had been categorized into five asset-based wealth quintiles. The quintiles had been derived, using principal component analyses, from variables representing household goods, materials used for housing construction and available infrastructure such as types of water access and sanitation facilities. 20 To summarize any wealth-related inequalities in full immunization coverage, we calculated four indicators. 21 Two of these were based on simple comparisons of the coverage recorded for the lowest wealth quintile and that recorded for the highest wealth quintile: (i) the difference, in percentage points, between the two values; and (ii) the ratio between the two values. We also calculated two indicators of inequality that take the whole distribution of wealth into account: (i) the slope index of inequality -which uses a logistic regression model to express the absolute difference in coverage, in percentage points, between the extremes of the wealth distribution; 22 and (ii) a concentration index 23 that is similar in concept to the Gini index for income distribution. The concentration index was expressed on a scale from −100 to +100, with full equality indicated by a value of zero. Both summary indicators tended to be positive, indicating that full immunization coverage was higher for the rich than for the poor. We calculated standard errors for each summary indicator and corresponding P-values for the probability that there was no inequality. Our absolute measures of inequality -i.e. the difference in coverage between the lowest and highest wealth quintiles and the slope index of inequality -give an idea of the effort that will be needed to close the gap. Our two relative measures -i.e. the ratio between the coverage for the lowest and highest wealth quintiles and the concentration index -give an idea of the degree of disparity.
We made similar comparisons of the coverage recorded for urban children and that recorded for rural children -again, the difference, in percentage points, between the two values and the ratio between the two values. We evaluated the statistical significance of the difference, assuming a binomial distribution. In a similar fashion, we investigated inequalities in coverage according to the sex of the child.
Standard errors, expressed in percentage points, were calculated for all of the coverage estimates. Like the tests for statistical significance, these took into account the sample weights and clustering. When the unweighted number of children in a specific subgroup -e.g. a wealth quintile -was less than 25, we ignored the results for that subgroup.
Temporal trends in inequalities
Time-trend analyses were conducted for a subset of eight low-income study countries that had previously been identified as having the greatest within-country disparity in vaccine coverage: Central African Republic, Chad, India, Madagascar, Mozambique, Nigeria, Pakistan and Viet Nam. 24 We investigated the temporal trends in routine immunization coverage , for children aged no more than 23 months, by both wealth quintile and urban/rural residence. Whenever possible, pre-2000, 2000 -or close to 2000 -and post-2000 records were included (available from the corresponding author) to cover periods before Gavi was launched, when Gavi was launched and when Gavi's main strategies had been implemented, respectively.
Variance-weighted least squares regression was used, with survey as the independent variable, to test the statistical significance of the observed temporal trends, taking into account the clustered nature of the survey samples.
Results

Detected inequalities
Wealth Table 1 shows national levels of full immunization coverage for all 86 countries that we assessed. For the 83 study countries for which the relevant data were available, it also summarizes the full immunization coverage for the lowest and highest wealth quintiles and the corresponding summary indicators of inequality according to wealth. Five countries -Afghanistan, Central African Republic, Chad, Georgia and Somalia -showed national levels of full immunization coverage that were below 20%. Nine countries -Albania, Armenia, Belarus, Costa Rica, Egypt, Jordan, Maldives, Rwanda and The former Yugoslav Republic of Macedonia -showed corresponding coverage above 90%. Lesotho and Senegal, each with a full immunization coverage of 63%, represented the 50th percentile of the country ranking. In most of the study countries, the increase in coverage with wealth was monotonic, that is, coverage in the lowest wealth quintile was lower than that in the second-lowest, coverage in the second-lowest quintile was lower than that in the third-lowest and so on. Of the 83 study countries for which the relevant data on wealth were available, 65 each gave a positive slope index of inequality that indicated the existence of a pro-rich inequality in coverage (Table 1 ). For 45 of the countries with a positive slope index of inequality, that index was significantly different from zero. Although 18 countries had negative slope indices, indicating a pro-poor inequality in coverage, only five of the 18 negative slope indices were significantly different from zero. The corresponding results for the concentration index were very similar: we recorded 64 positive and 19 negative concentration indices, of which 45 and four, respectively, were significantly different from zero.
In terms of the slope indices of inequality, Nigeria showed the greatest pro-rich inequality in full immunization coverage, followed by Pakistan, India, Turkey, Madagascar, Yemen, Cameroon and Liberia. The corresponding patterns for the concentration indices were similar. Seven countries -in descending order of pro-rich inequality, Chad, Central African Republic, Nigeria, Somalia, Yemen, Ethiopia and India -gave concentration indices above 20 (Table 1 ). In terms of one or both of our summary indicators, only four of our study countries showed distinctively pro-poor inequalities in their full immunization coverage: Gabon, Gambia, Mauritania and Uzbekistan. However, Gabon and Mauritania had relatively low national levels of coverage.
Countries Table 2 shows the mean values for full immunization coverage in the low-and middle-income countries we investigated in each WHO Region, which varied from 55.5% in the Eastern Mediterranean Region to 68.9% in the Region of the Americas. Globally, according to the most recent survey data available in May 2015, just over 60% of all eligible children in low-and middle-income countries had received full immunization. There was wide variation in the level of full immunization coverage within a given Region (Fig. 1) . For example, in the African Region, the mean level of full immunization coverage varied from just 11.4% in Chad to 90.3% in Rwanda. Fig. 2 shows that on average, the wealth inequalities in full immunization coverage were less marked in the low-and middle-income countries in the Region of the Americas and the European Region than in such countries in other regions. The Eastern Mediterranean Region not only presented the highest absolute and relative wealth-related inequalities in such coverage but also the lowest mean level of such coverage. Table 3 summarizes mean levels of full immunization coverage, split according to urban/rural residence, in our 86 study countries. Although 28 countries had higher levels of coverage in their rural areas than in their urban areas, the differences were generally very small and only those for Mauritania, Swaziland and Uzbekistan were statistically significant. The remaining 58 countries had higher levels of coverage in their urban areas than in their rural areas and the differences for 35 of these countries achieved statistical significance. In Ethiopia, which showed the greatest absolute pro-urban inequality, the mean level of full immunization coverage in urban areas was 28 percentage points higher than that in rural areas. Côte d'Ivoire, Madagascar, Nigeria, Turkey and Yemen also showed pro-urban differences of at least 20 percentage points. In contrast, Mauritania, Swaziland and Uzbekistan showed pro-rural differences of at least 10 percentage points. In terms of full immunization coverage, no other countries showed a statistically significant advantage for rural children.
Residence
In terms of the effects of urban/ rural residence on full immunization coverage (Table 2 and Fig. 3 ), the Region of the Americas and the European Region appeared more equitable than other Regions. The Eastern Mediterranean Region showed the largest pro-urban inequalities, where mean levels of full immunization coverage were about 60% higher among urban children than among their rural counterparts.
Sex of child
Although most of our study countries showed higher levels of full immunization coverage among boys than girls (Table 3), such sex-related differences were of less than three percentage points in each of 59 countries and only achieved statistical significance in Azerbaijan, Belize, India, Mali and Somalia. The absolute levels of sex-related inequality were relatively high in the South-East Asia and Western Pacific Regions. In the Western Pacific Region, the mean level of full immunization coverage was 10% lower among boys than among girls (Fig. 4) .
Temporal trends
In all eight countries included in our investigation of temporal trends, there (. . .continued) in the national level of full immunization coverage over our study period. The level of absolute pro-rich inequality declined -since the absolute reduction in coverage was most marked among the richest quintile -but the level of relative pro-rich inequality increased. In Chad, however, the national level of coverage remained low and stable over our study period and wealth-related and urban/ rural inequalities remained largely unchanged. In India, the national level of coverage increased but, as in Chad, wealth-related and urban/rural inequalities remained fairly stable. The results for Madagascar and Mozambique, which both showed increasing national levels of coverage over time, were more encouraging. The relative pro-rich inequality observed in Madagascar also decreased over time, although the absolute pro-rich inequality and all measures of urban/ rural inequality did not decline. In Mozambique, much of the increase seen in the national level of coverage was linked to increasing coverage in the poorest quintile of the population. Although the country's pro-rich and pro-urban inequalities decreased over time, the decrease observed in the pro-rich inequality was partly attributable to a decrease in coverage among the children from the richest quintile. In Nigeria, increases in the level of full immunization coverage in some areas had little impact on the overall national level, which remained relatively low. When we compared the most recent data we investigated for each of the eight countries, Nigeria showed the largest absolute pro-rich inequality as well as a large level of pro-urban inequality. Although Nigeria's relative pro-rich inequality appeared to have decreased over our study period, this was only the result of mean coverage in the poorest quintile increasing from nearly zero to just over 10%. In Pakistan, the level of coverage in all quintiles except the poorest showed improvement over time -with a consequent increase in the level of pro-rich inequality. In Viet Nam, coverage in the poorest quintile remained fairly stable while that in each of the other wealth quintiles -like the levels of pro-rich and pro-urban inequalities -initially increased but then declined.
Discussion
Our findings indicate that, despite progress, much remains to be done if the ben- efit of routine childhood immunization is to be maximized. Reports of regional levels of vaccination coverage may mask local challenges, inequalities and variation. We observed pro-rich inequalities in full immunization coverage in most lowor middle-income countries, although they were, in general, relatively small in the Region of the Americas and European Region -and relatively large in the Eastern Mediterranean and Western Pacific Regions. Pro-urban inequalities were also common. They were generally very small in the low-or middle-income countries in the Region of the Americas and largest in such countries in the Eastern Mediterranean region, where coverage was about 60% higher among urban children than among rural children. Low-or middleincome countries in the South-East Asia Region showed the largest absolute promale inequalities. We observed that, whether related to sex, wealth or urban/rural residence, inequalities in full immunization coverage varied substantially between and within our study countries. Inequalities related to wealth and urban/rural residence appeared to be ubiquitous and persistent and to be larger, in general, than the corresponding sex-related inequalities. Although some countries have made substantial progress in reducing such inequalities, some other countries have seen such disparities increase.
Among the eight countries included in our investigation of temporal trends in coverage and coverage inequality, Madagascar and Mozambique appeared to have made the most progress in improving national levels of coverage -in both cases by achieving particularly rapid increases in coverage in the poorest quintile. In general, the factors that are believed to have contributed to global improvements in immunization coverage include national multi-year planning, district-level planning and monitoring and the establishment of national budget lines funded via domestic and external resources for the strengthening of immunization services. 25 Our observation of markedly different temporal trends in coverage and coverage inequality in eight countries needs to be followed up with case studies aimed at documenting the factors -within and beyond the health sector -that might explain such variation.
It is important to note that the data on coverage being reported here are solely based on survey information. As international agencies estimate vaccination coverage using a combination of data from surveys and data from health information systems, the coverage levels reported here will not necessarily be consistent with the estimates given in official documents produced by national governments and the United Nations. However, such estimates cannot be disaggregated by wealth quintile or place of residence and can rarely be used to determine the level of the full immunization coverage that we wished to investigate. To allow consistent and meaningful comparisons, we confined our investigation to vaccines that are available in almost all countries of the world. We ignored several new vaccines that are included in the national immunization programmes of a few of our study countries. Another limitation of the present study is that, when vaccination cards are not available, the information collected on child immunization in national surveys has to be based on the recall of mothers or other caregivers.
Our results indicate that the ultimate goal of the Global vaccine action plan 2011-2020 -i.e. universal access to immunization 3 -will only be achieved if the relevant health workers, policymakers and stakeholders can: (i) develop and implement strategies for reaching those who are difficult to reach and for promoting the need for full immunization among those who have contact with health services for other interventions; (ii) expand vaccination programmes to include underserved groups; (iii) improve the quality of the monitoring of immunization coverage; (iv) use monitoring data to ameliorate programme performance; and (v) explore additional cross-sectoral strategies -particularly in those low-or middle-income countries with the worst inequalities in coverage. The improvements in coverage and equitable access to routine immunizations achieved by some Latin American countries may serve as useful examples. 26 
Резюме
Неравномерность охвата населения полной вакцинацией: тенденции в странах с низким и средним уровнем дохода Цель Изучить неравномерность охвата населения полной вакцинацией в 86 странах с низким и средним уровнем дохода. Методы В мае 2015 года на основе последних данных демографических исследований состояния здоровья населения, а также кластерных исследований с множественными показателями была изучена неравномерность охвата населения полной (т. е. включающей одну дозу вакцины БЦЖ, одну дозу противокоревой вакцины, три дозы вакцины КДС и три дозы вакцины против полиомиелита) вакцинацией в 86 странах с низким и средним уровнем дохода. Затем были исследованы тенденции во времени неравномерности охвата вакцинацией в восьми из этих стран. Результаты Было обнаружено, что в каждом регионе Всемирной организации здравоохранения в странах с низким и средним уровнем дохода полной вакцинацией было охвачено приблизительно 56-69% отвечающих соответствующим критериям детей. Однако внутри каждого региона средний уровень вакцинации значительно различался. Например, в африканском регионе доля привитых варьировалась от 11,4%
в Чаде до 90,3% в Руанде. Была обнаружена неравномерность вакцинации по признаку обеспеченности в 45 из 83 стран, для которых имелись соответствующие данные, и по признаку проживания в городе в 35 из 86 исследованных стран. Среди стран, в которых были изучены эти тенденции, Мадагаскар и Мозамбик добились наибольшего успеха в увеличении охвата населения полной вакцинацией за последние два десятилетия, в особенности среди наименее обеспеченных квинтилей населения. Вывод В большинстве стран с низким и средним уровнем дохода существует неравномерность охвата полной вакцинацией, которая связана с уровнем обеспеченности и проживанием в городе, причем эта неравномерность не выявляется, когда учитываются только средние национальные показатели. 
Resumen
Desigualdades en la cobertura de inmunización completa: tendencias en países con ingresos bajos y medios Objetivo Investigar las disparidades en la cobertura de inmunización completa entre y dentro de 86 países con ingresos bajos y medios. Métodos En mayo de 2015, mediante el uso de datos provenientes de las Encuestas de Demografía y Salud y las Encuestas de Conglomerados de Indicadores Múltiples más recientes, se investigaron las desigualdades en la cobertura de inmunización completa, es decir, una dosis de la vacuna del bacilo Calmette-Guérin, una dosis de la vacuna contra el sarampión, tres dosis de la vacuna contra la difteria, el tétanos y la tos ferina y tres dosis de la vacuna contra el polio, en 86 países con ingresos bajos o medios. Posteriormente, se investigaron las tendencias temporales en el nivel y la desigualdad de dicha cobertura en ocho de los países. Resultados En todas las regiones de la Organización Mundial de la Salud, parecía que alrededor de entre un 56 y un 69% de los niños aptos en los países de ingresos bajos y medios habían recibido una inmunización completa. No obstante, dentro de cada región, el nivel medio registrado de dicha cobertura era muy diferente. En la región africana, por ejemplo, osciló de un 11,4% en Chad hasta un 90,3% en Rwanda. Se detectó una desigualdad que favorecía a los ricos en dicha cobertura en 45 de los 83 países de los cuales de disponía de información importante, y una desigualdad que favorecía a las zonas urbanas en 35 de los 86 países del estudio. Entre los países en los que se investigaron las tendencias de cobertura, Madagascar y Mozambique parecían ser los que habían progresado más a la hora de mejorar los niveles de una cobertura de inmunización completa durante las dos últimas décadas, principalmente entre la población más pobre. Conclusión La mayoría de los países con ingresos bajos y medios se ven afectados por las desigualdades que favorecen a la población rica y a las zonas urbanas en relación con la cobertura de inmunización completa, las cuales no resultan aparentes cuando se informa únicamente de los valores nacionales medios de dicha cobertura. 
